Over long years, neuroscientists have attempted to trace in cartographic detail the neural circuitry underlying goal-oriented movements, such as reaching, grasping, and handling objects. The modularity, precision, and smoothness of such movements arise from motor commands that descend from the brain to muscles, triggering rapid and continual feedback, which in turn helps fine tune the impact of descending commands. Such interlacing flow of electrical signals through sprawling neuronal networks underlies the fine motor skills that mammals summon with seeming ease in the service of routine tasks. But the identity of the neurons that seem to effortlessly thread their way through limb muscles, the spinal cord, and the brain to furnish such rapid feedback has long remained veiled from the mapmakers' view. Using molecular sleight of hand to manipulate individual groups of neurons in the spinal cord of mice, Columbia University neuroscientist Thomas Jessell and his team uncovered neuronal control systems that help rodents reach for objects with characteristic precision and smoothness. At the 14th Annual Sackler Lecture, titled "Deconstructing circuits for motor behavior," presented to the National Academy of Sciences in Washington, DC in March 2014 as part of the Arthur M. Sackler Colloquium, "Epigenetic Changes in the Developing Brain: Effects on Behavior," Jessell described his findings, which might help decode the logic of neuronal rewiring in people with crippling ailments such as spinal cord injury. PNAS spoke to Jessell about the significance of his discoveries.
PNAS: Forelimb movements such as goaldirected reaching are considered sophisticated motor skills. Are such forms of movement uniquely mammalian?
Jessell: Primitive vertebrates had fins instead of limbs with digits, and movement largely involved contraction of undulating muscles for buoyancy and swimming. The ability to perform dexterous movements, such as those involved in skilled reaching and object manipulation, are thought to be evolutionary accomplishments that reached a high level of sophistication with tool use in humans. All of the skills involved in exquisitely fine motor control-such as playing the violin or threading a needle-are thought to be emergent mammalian attributes. Some think of such emergent properties as the motor route to creativity and artistic expression.
PNAS: In a recent paper with postdoctoral fellow Eiman Azim (1), you described the idea of "internally directed" copies of motor commands for reaching. Can you explain the concept of an internal copy of motor commands?
Jessell: The fidelity of motor actions is evaluated by sensory feedback, which informs the motor system about how well motor actions have been executed; this is achieved by monitoring states of muscle contraction. But as motor information reaches the periphery, contracts the muscle, activates the sensory neurons, and returns to the motor planning centers, considerable time elapses. Such delays make it difficult for the sensory feedback system to update motor planning centers rapidly. Internal copies of motor commands provide a useful neural shortcut. Throughout their downward trajectory, descending commands for motor acts are accompanied by side pathways that project to sensory receiving centers, a strategy thought to help rapidly predict the outcome of the motor command and correct if necessary. We studied one particular internal pathway, in which neurons not only provide input to the motor neurons that control reaching, but also feed back to a processing center in the brainstem called the lateral reticular nucleus (LRN), which relays signals to the cerebellum. PNAS: What was previously known about the role of this internal pathway in controlling forelimb movement?
Jessell: Previous studies in cats and primates had suggested the existence of such an internal pathway, but no one had manipulated the activity of the copy circuit, leaving its contribution to motor output uncertain. Our ability to genetically target branching interneurons in this pathway led us to dissect their behavioral role in skilled reaching.
PNAS: How did you selectively manipulate the internal pathway? What did the manipulations reveal?
Jessell: We first used genetic ablation techniques in mice to eliminate the V2a neurons and then an optogenetic technique, based on light-inducible ion channel genes, to selectively activate the internal copy axon branch. We studied the effects of these manipulations on the ability of mice to execute a goal-directed reaching task: retrieving a food pellet with their paw by reaching through a window. When the interneurons were eliminated, the reaching movements of the mice became uncoordinated. More importantly, when the internal copy branch in the LRN was selectively activated, a marked degradation of motor performance was observed.
PNAS: You found that mice lacking V2a neurons showed an increase in paw direction reversals, an increase in total movement duration, and a decrease in mean velocity in the reach phase of the assay, compared with control mice. But the grab phase did not seem to be affected in these mice; nor were digit movements affected by the ablation. What do these nuances imply?
Jessell: It has been previously suggested that the reach task, which we perceive as a smooth movement, can be broken down into temporal stages with distinct lift, extension, pronation, and grasp phases-a hypothetical reflection of the impact of different interneuron circuits. Our arms and legs always try to work efficiently under a range of conditions, but if obstacles get in the way, the motor strategy switches, implying that we have to flexibly mix and match these modular motor programs. The motor neuron connections with target muscles are fixed, so the only thing we can modulate is the sequence of activation of sets of motor neurons in response to commands from sets of interneuron circuits. We hope these experiments will lead to insights into the task dependence of motor programming observed when different movement strategies are deployed.
PNAS: Do these findings have clinical implications?
Jessell: In the near term, discoveries such as this will help us understand the details of motor programming of movement. In spinal cord injury, for example, if the descending neuronal tract is severed, the spinal circuitry can be retrained to provide motor output more effectively through the substitution of sensory feedback for descending commands or through the recruitment of local interneuron circuits that can bypass the injury site.
You take away this small set of interneurons and, suddenly, the smoothness of the movement degrades.
So, these findings may help us understand whether and how circuits are rewired.
PNAS: In another recent paper, with former graduate student Andrew Fink (2), you explored the role of presynaptic inhibition of neuronal activity in motor skills. What is presynaptic inhibition?
Jessell: Presynaptic inhibition, discovered in the late 1950s, is a form of neuronal inhibition in which a dedicated set of inhibitory interneurons, which we term GABApre neurons, form contacts with the terminals of the sensory feedback neurons and suppress the release of their neurotransmitter glutamate. This specialized form of inhibition allows selective filtering of sensory inputs to the motor neurons without affecting other inputs. But no one had been able to access these inhibitory neurons to test their role in motor behavior, partly because GABApre neurons represent only a minority of all of the GABAergic interneurons in the ventral spinal cord that control motor output. So this subset of neurons has eluded pharmacological intervention, which has proved useful in studying other GABAergic interneurons in the past. From our studies of neuronal molecular identities, we knew of genes that selectively marked GABApre neurons. We used one of these genes-an enzyme called GAD2 that helps synthesize and release GABA-to gain selective access to these neurons.
PNAS: Using the Gad2 gene as an entry point, you selectively ablated the GABApre neurons. What did the reaching assays with the knock-out mice reveal?
Jessell: We found a dramatic perturbation in motor performance in the reaching task in the absence of presynaptic inhibition by GABApre neurons; the effect was more profound than other interneuron manipulations we had done. In essence, every forward movement the mouse made was countered by an equal and opposite reverse movement, resulting in undulations in trajectory and velocity that had a common set of underlying harmonic frequencies. The limb movements were dominated by oscillations. You take away this small set of interneurons and, suddenly, the smoothness of the movement degrades.
PNAS: You suggest in your paper (2) that GABApre neurons represent a "gain-control system" on sensory feedback that can be viewed from an engineering perspective. Can you elaborate?
Jessell: Previous theories based on engineering principles had predicted the kind of motor oscillations we observed in our perturbation experiments. We can account for the behavioral abnormalities from the perspective of the limb as a feedback-driven oscillator, suggesting that GABApre neurons control the gain of sensory feedback. It seems crucial to keep the gain of sensory feedback low during certain motor behaviors to ensure stability of output, and this anatomically defined microcircuit appears to perform precisely such a function. Our experiments draw parallels between rodent and human motor systems. Rodents don't play the violin, but their skilled reaching performance serves as a paradigm for disentangling the contribution of spinal interneuron circuits to motor performance: a goal that has been difficult to match through primate physiology.
